In the last few years several studies have investigated the neural mechanisms underlying 21 spatial orientation in Drosophila melanogaster. Convergent results suggest that this 22 mechanism is associated with specific neural circuits located within the Central Complex 23 (CC). Furthermore such circuits appear to be associated with visual attention, specifically 24 with selective attention processes implicated in the control of action. Our aim was to 25 understand how wild-type flies react to the abrupt appearance of a visual distractor during 26 an ongoing locomotor action. Thus, we adapted the well-known 'Buridan paradigm', used 27 to study walking behaviour in flies, so we could specifically address the mechanisms 28 involved in action selection. We found that flies tended to react in one of two ways when 29 confronted with a visual distractor during ongoing locomotion. Flies either: (i) committed to 30 a new path situated midway between the original target and the distractor, consistent with 31 a novelty effect; or (ii) remained on the original trajectory with a slight deviation in direction 32 of the distractor. We believe that these results provide the first indication of how flies react, 33 from the motor point of view, in a bi-stable context requiring the presence of selection-for-34 action mechanisms. Some considerations on the neural circuits underlying such 35 behavioural responses are advanced. 36
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INTRODUCTION 37
Living organisms have evolved neural information processing systems to allow interaction with the 38 environment so as to maximize the probability of survival and reproduction. To reach this goal, 39 appropriate information about the environment has to be extracted by perceptual systems in a form 40 that can be used to guide actions (Tipper et al., 1998; Castiello, 1999) . Visual attention systems 41 appear to operate by mapping out relevant perceptual aspects of the environment and translating 42 them into appropriate action control parameters. Drosophila melanogaster also seems to employ 43 such mechanisms, for instance, in order to avoid predator attacks, to prevent collisions with 44 obstacles or to head efficiently towards salient visual stimuli (Card and Dickinson, 2008; van 45 Breugel and Dickinson, 2012; Maimon et al., 2008) . Therefore, it is reasonable to assume that the 46 presence of efficient action selection mechanisms constitute an evolutionarily conserved 47 characteristic (Strausfeld and Hirth, 2013; Grillner and Robertson, 2016) . The putative neural 48 substrate of an action selection system in flies is thought to be contained within a doughnut-shaped 49 structure called the ellipsoid body (EB) (Fiore et al., 2015) , which is part of a wider ensemble of 50 modular neuropils involved in locomotor behaviour termed the central complex (CC), ( 
Strauss and 51

Experimental setup 119
To test how flies respond to the sudden appearance of new visual stimulus (distractor) during free 120 walking toward a fixed visual stimulus (block) we employed a cylindrical led-emitting-diode ( Palatine, IL, USA) was mounted 36 cm above the arena in order to record fly activity. Videos of 136 flies moving in the arena were recorded at 21 frames s -1 , following selection of a 700 x 700 pixel 137 region of interest which included the entire arena. In order to allow the experimenter to visually 138 observe all events occurring within the arena (including whether visual patterns were being 139 correctly displayed) an HD webcam (C310, Logitech, Lausanne, CH, EU) was also mounted 140 alongside the infrared camera. 141
Procedure 142
Flies were individually loaded into the arena with a mouth aspirator and were left to adapt in 143 complete darkness for at least 5 min. Individuals were then subjected to a 'Buridan's paradigm', by 144 illuminating two opposed bright stripes of 4 x 16 LEDs (width x height) each one covering 15 deg 145 of the fly's visual field when observed from the centre of the chamber. The classical interpretation 146 of the phenomenon underlying this paradigm refers to the alternation between fixation and anti-147 fixation of attractive landmarks represented by black stripes on a bright background (Bülthoff et al.,experimental setup showed a more robust response to the 'Buridan's paradigm' in individuals tested 151 with bright stripes on dark background, and, therefore, we decided to run our experiments with this 152 setup. In our experiments, individual fly locomotion in 'Buridan's paradigm', consisting in the fly 153 continuously running to and fro between two opposing bright targets, was initially recorded for 154
200s (see Movie 1 in supplementary materials). Flies which did not exhibit this behaviour (i.e. 155 remained still or roamed at random) were not further considered (Kain et al., 2012) . This allowed to 156 distinguish between flies that adopted a behaviour termed 'quantum search action' (i.e. a fixation 157 and anti-fixation strategy) from those which did not manifest such behaviour. In other words, this 158 procedure was aimed at selecting the 'searcher' phenotype considered for the following part of the 159 experiment (Bülthoff et al., 1982) . At the end of this selection phase, the behavioural task-proper 160 was initiated. While the fly was still performing the 'Buridan paradigm', a second visual target 161 (distractor) was presented the moment the fly crossed the virtual midline of the arena while moving 162 between the two opposing bright stripes (a modified detour paradigm; Neuser et al., 2008). 163 Therefore, our task consisted in a classical 'Buridan paradigm' performed under two alternative 164 conditions. A distraction condition in which a single distracting-signal (chosen randomly among 165 four alternative signals) was presented concomitantly with the 'Buridan paradigm' stimuli, 166 whenever the individual crossed a virtual central window (27 mm width x 3.6 mm depth; see For the trajectory analysis, only data from tracks in which single flies were directed towards the 200 target were selected (i.e. all tracks in the opposite direction were removed). The minimum track 201 length considered for analysis was 9 mm (i.e. 50 pixels; spatial resolution was 5.5 pixels per mm). 202
Using this data frame (see Table 1 and Table 2 ) we performed track-centering. This operation 203 proved necessary due to the fact that, in order to trigger the appearance of the distractor and to start 204 the video recording, the flies had to cross a virtual central window within the circular arena. Given 205 the dimensions of this virtual window, the tracks showed scattered starting-points along the x-axis 206 (width of the window), depending upon the point at which the fly entered the virtual window. 207
Therefore, since we were interested in evaluating the deviation of the fly locomotion paths caused 208 by the different distractors and since the body orientations of the flies were uniform among 209 conditions (Fig. 3A) , we centered the starting point of all tracks at x = 0. Due to the limited depth of 210 the triggering window the starting y values appeared to be more homogeneously distributed among 211 the experimental conditions (Fig. 3B) . Nonetheless, for uniformity, tracks were also centered at y = 212 0. 213 
Statistical approach 217
In order to understand how the presence of distractors explained the orientation and the trajectories 218
taken by the flies we tested a series of Linear Mixed Effects (LME) models using the R package 219 lme4 (Bates et al., 2014). We used LME because such models allow to adjust estimates for repeated 220 sampling (i.e. more than one observation arises from the same fly) and for imbalance in sampling 221 (i.e. some flies are sampled more than others). LME also allow to take into account the 222 experimental variation (i.e. variation among flies or among other groupings within the data) and to 223 avoid the harmful effects of averaging, since this tends to remove variation (McElreath, 2016) . 224
Subsequently, the LMEs were compared in order to select the best model (i.e. the best fit to the 225 data). For model selection we used the Bayesian Information Criterion (BIC) also known as the 226 Schwarz information criterion or Schwarz's BIC (Schwarz, 1978) , an index that measures the 227 efficiency of the model in terms of data forecasting. Since BIC tends to favour models with fewerparameters, we further conducted a Bayes Factor (BF) analysis with a method based on thepackage BayesFactor (Morey and Rouder, 2015). We used this parameterization because it allows 231 BF to have excellent statistical properties independently of the phenomenon under study (a method 232 also known as 'objective Bayesian', see Wagenmakers, 2007) . The Bayes Factor expresses the ratio 233 between the plausibility of observed data under M1 (our best model) and the plausibility of 234 observed data under M0 (the null model). We compared different models, and the one with the 235 highest Bayes Factor (greatest plausibility) was selected. With the BayesFactor package, which 236 inherits the MCMC (Markov Chain Monte Carlo) sampling algorithm from the R package coda 237 (Plummer et al., 2006), we were also able to compute the posterior distributions of parameters (with 238 10000 iterations). This approach to estimating parameters enabled us to take maximum advantage 239 of LME modelling, which provided the direct probability of an effect (i.e. posterior probability) as 240 well as the computation of the evidence for the results. Analysis of variance (ANOVA) and non-241 parametric Mann-Whitney-Wilcoxon tests were also used, under the null hypothesis that the sample 242 distributions belonged to the same population. 243
RESULTS
244
Orientation effects 245
As a first step we investigated the body orientation adopted by the flies at the time the second visual 246 stimulus (i.e. the distractor) was presented. Before proceeding with this analysis we ascertained 247 whether the flies maintained comparable velocity amplitudes across all conditions (conditions refers 248 to the presence or absence of one of the four possible distractors). This was done in order to avoid 249 any bias due to variations in velocity determined by the experimental conditions. We found no 250 evidence for differences in velocity amplitude across conditions (Fig. 4A, B) . Next, a series of LME 251 models were fitted to the fly trajectory data (first two seconds following the presentation of the 
Spatial trajectories 277
Considering the idea that distractors could act on flies through a novelty effect, as a measure of the 278 flies' commitment to move towards the stimuli we explored the displacement of flies along the x-279 axis at mid-path (i.e. after the flies had travelled 24 mm following the presentation of the 280 distractor). We hypothesized that, given the premise, there might be a reduction in the shift of the 281 flies' trajectory towards the new target whenever the target presented was (randomly) preceded by 282 one of the same kind (i.e. on the same side and at the same angle, in which case it would not be 283 interpreted by the fly as a novel stimulus). Interestingly, a tendency consistent with this idea could 284 in fact be observed (Fig. 5A) . As a corollary, distinct left and right shifts (depending on the type of 285 distractor presented) were evident at the end of the paths (Fig. 5B) , meaning that flies not only re-286 oriented toward the distractor but that in so doing, they also committed to a new path (for individual 287 tracks see supplementary material Fig. S2 ). In order to obtain a model of the flies' trajectories, 288 which would provide an objective and quantitative evaluation of the strength and the extent of the 289 tendency of flies to shift their trajectories towards the distractors, we tested seven LME models 290 (Table 3) (Table 4 ). An estimate of the Confidence Intervals (CI) of the 300 interaction parameters (Table 5) shows that none of them overlap which, in the classic frequentist 301 perspective, implies a statistically significant difference between the effects of different conditions. 302
The predictor (ߚ ଵ ) can be converted into an angular measure by means of a simple trigonometric 303 conversion: 304
and in this way it is possible to highlight the direction of flies predicted by the model (Fig. 5E ). As 306 already seen in the case of the fly body orientations, albeit to a lesser extent, the trajectories of the 307 flies also shifted coherently with the distractor position (i.e. the greater the angle of the distractor 308 with respect to the original trajectory, the farther the flies' path shifted in the direction of the 309 distractor). None of the trajectories' regression per condition seems to predict an angulation (with 310 respect to the fly) superimposable to the real angle subtended for both the 'block' and the 311 'distractor' conditions. Flies ended between the two but closer to the original target, with a little 312 difference between the 30 and the 60 deg conditions. 313 314 
Bayesian trajectories model 318
The BF analysis highlighted a less parsimonious model with respect to the one which was selected 319 using the frequentist approach: 320 respectively. In the case of this model, the distribution of parameters and the goodness of fit were 323 evaluated (i.e. the standard error of residuals and the R-squared were estimated), in order to assess 324 the goodness of the model (Table 6 ). In this case, a "confidence interval" was computed, based on 325 the Highest Posterior Interval (HPI), using the R package TeachingDemos (Snow, 2016) (Table 7) . 326
In practice, all points in an HPI region have a higher posterior density than points outside the 327 region. For this reason HPI is also called Highest Density Interval (HDI). Notwithstanding the 328 slightly more complex model produced by the BF analysis, this model provided essentially the same 329 general explanation for the experimental data as the LME model. Also in this case, none of the 330 values in terms of HPI (Fig. 6A) , suggesting that the distractors produced significant deviations of 332 the flies' trajectories both in terms of shift and slope. The ߚ ଷ parameter (i.e. distance) showed a 333 non-significant shift in the intercept of the regressions (Fig. 6B) , while the ߣ random effect due to 334 the variation between flies appeared minimal (Fig. 6C) 
Kinematics indices 342
The 'partial attraction' effect determined by the appearance of distractors led us to hypothesise that 343 perhaps a high number of the trajectories used in the model construction and analysis were 344 trajectories of flies which remained on the original straight path (i.e. which essentially did not 345 original target (supplementary material Fig. S3 ). In order to clarify this issue we considered 348 favour of one of the two types, maintaining a similar numerosity in the 'block' condition (Fig. 7A) . 356
Following this, a new parameter (i.e. shift) was introduced in the LME model as a third component 357 of the interaction between distance and condition, thus increasing the values of the predictors (Fig.  358   7B ). This kind of manipulation allowed us to investigate possible changes in kinematics following 359 the appearance of the distractor. During the first 21 frames (i.e. 1 s), the flies executed a fast turn in 360 response to the distractor (Fig. 7C) . In particular, around 250 ms the type 1 flies began to perform a 361 body saccade in the contrary direction, while type 2 flies continued to maintain an orientation which 362 was coherent with the distractor position (Fig. 7D) . These fast turns did not affect the final 363 trajectories of the flies (Fig. 7E) . 364 
Selection for action via inhibition 452
We were interested in understanding how flies detected and reacted to an abrupt distraction during 453 the execution of a motor program. According to our original hypothesis we expected the distractor 454 stimuli to determine an inhibitory or attracting behaviour acting upon already programmed 455 trajectories, similarly to the interference effect observed in human and non-human primates under 456 analogous circumstances (Tipper et al., 1998; Sartori et al., 2014; Bulgheroni et al., 2017) . In these 457 studies, participants were instructed to initiate a reaching movement after two stimuli (a target and a 458 distractor) were presented. When the investigators compared a condition in which the target was 459 presented alone with that in which there was a distractor acting as an alternative potential target, 460 they found that the reaching path was affected in the latter case with the arm trajectory deviating 461 away from or nearer to the distractor. This was observed even with regard to distractor objects that 462 were unlikely obstacles to the reaching action. As those objects are also included in the initial 463 processing of the whole context in which the action will be carried out, the motor program 464 appropriate to reaching them is also produced in parallel, thus producing trajectory changes (Tipper 465 et al., 1992; Tipper et al., 1997; Bulgheroni et al., 2017). This effect has been explained in terms of 466 selective attention mechanisms mediating the selection of objects for action, with a specific 467 mechanism acting to inhibit competing internal representations of distractor objects (Tipper, 1985; 468 Tipper et al., 1992; Meegan and Tipper, 1998). Put simply, the effects caused by the presence of 469 nearby objects seem to reflect inhibitory mechanisms. When the target is identified, the reachingmovement towards the non-target is inhibited. But because there is an overlap between the target 471 and the non-target(s), the act of reaching towards the target is affected by this non-target inhibition. 472
Another crucial aspect of this model is that the amount of inhibition might be determined by the 473 levels of activation of perceptual inputs. That is, inhibition is reactive such that its level is 474 determined by the relative salience of the distractor. Thus distractors causing greater levels of 475 neural excitation receive greater levels of inhibitory feedback. In the present circumstances our flies 476 between sensory inputs and the EB, thus affecting the probability that the related motor action 498 would be selected again. Conversely, a tonic release would not alter the connections' strength but 499 would make the global system more stable (i.e. maintenance of selection) or unstable (i.e. sensitive 500 to changes) depending on the receptor type involved (Fiore et al., 2015) . However, it remains 501 unclear how the system would differently weigh opposing pathways in order to regulate action 502 selection. In this respect, our paradigm might provide a novel theoretical and methodological 503 territory within which to classify and distinguish different mechanisms concerned with action 504 selection in flies. Further research, considering the manipulation of the neuroanatomical circuit 505 discussed above, is needed in order to dissect the neural mechanism underlying the action selection. 506
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